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Abstract 
N O x is toxic and harmful to the environment and human health. Investigation 
shows that more and more N O x is being released to contaminate the air around us. 
Therefore, removal of N O x is essential. Thermal catalysis by far is the most widely 
used method for N O x treatment. 
In this thesis, two series of perovskite-type catalysts: NdSrCui.xCOx04 and 
Smi.8Ceo.2Cui.xCox04 have been successfully synthesized. The investigation for the 
role in N O x decomposition was evaluated by gas chromatography (GC) and 
techniques such as X-ray diffraction (XRD), Brunauer, Emmett and Teller (BET), 
X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), 
NO-temperature-programmed desorption (NO-TPD) and chemical analysis were 
used to characterize the catalysts. 
Results revealed that NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCOx04 catalysts are in 
A2BO4 form. They are tetragonal structure with {T structure) and without {T' 
structure) apical oxygen, respectively. Compared to Smi.8Ceo.2Cui.xCOx04 catalysts, 
the NdSrCui.xCox04 catalysts show better catalytic activities for N O x decomposition. 
X P S and T G A characterization results showed that NdSrCui.xCox04 catalysts have 
more adsorbed oxygen than lattice oxygen, and the Cu^VCu^^ couple is present in the 
lattice, both of which are believed to be more favorable for N O x decomposition. 
N O - T P D results also demonstrated that the N O x species has stronger and longer 






法用來處理 N O x。 
在本論文中，兩個系列的錦鈦礦型催化劑 N d S r C u i _ x C O x 0 4和 
Smi.8CeG.2Cui_xCox04被成功合成。它們用於降解NOx的活性被GC評估， 
同時它們的物理化學性被 X R D， B E T， X P S， T G A和 N O - T P D表征。 
結果顯示兩種催化劑都存在於A2BO4形式，它們的結構分別爲r和 r 
結構；NdSrCui_xCOx04催化劑較Smi.8CeQ.2Cui_xCOx04催化劑具有較高的降 
解 N O x催化活性。 X P S和 T G A表征結果顯示 N d S r C u i _ x C O x 0 4催化劑表 
面具有較晶格氧多的吸附氧存在，以及Cu 3+/Cu 2+存在於晶格中，兩種因 
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Chapter 1. Introduction 
1.1 Nitrogen oxides 
Introduction 
There are seven oxides of nitrogen present in ambient air. They are nitric oxide 
(NO), nitrogen dioxide (NO2), nitrous oxide (N2O), nitrogen trioxide (NO3), 
dinitrogen trioxide (N2O3), dinitrogen tetroxide (N2O4) and dinitrogen pentoxide 
(N2O5). Nitrogen oxides are produced in combustion processes and are emitted to the 
air mainly as N O together with some NO2. To denote various mixtures of nitrogen 
species, the terms NOx, N O y and N O , are often employed. The term N O x is 
frequently used to denote the sum of N O and N O 2 emitted. 
The chemistry of the reduction and decomposition of nitrogen oxides has been 
investigated extensively in recent years for environmental protection. 
1.1.1 N O x and their chemical and physical properties 
A m o n g these nitrogen oxides, N O and N O 2 are the ones most often measured 
and are in high concentrations in urban and industrial areas. The chemical and 
physical properties of N O and N O 2 are given below and are summarized in Table 1. 
[1] 
Nitric oxide (NO) 
It is a colorless and odorless gas that is only slightly soluble in water. It is a 
by-product of combustion process, arising from (i) high temperature oxidation of 
molecular nitrogen from the combustion air, and (ii) from oxidation of nitrogen 
present in certain fuels such as coal and heavy oil. 
Nitrogen dioxide (NO2) 
It is a reddish-orange-brown gas with a characteristic pungent odor. It is 
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corrosive and highly oxidizing. N O 2 accounts for about 5 to 1 0 % by volume of the 
total emissions o f N O x from combustion sources. 
In the atmosphere, photochemical reactions involving ozone and organic 
compound convert N O to NO2. N O 2 absorbs light efficiently over a broad range of 
ultraviolet and visible wavelengths. Because of its brown color, N O 2 can contribute 
to discoloration and reduced visibility of polluted air. Photolysis of N O 2 by sunlight 
produces N O and an oxygen atom, which usually adds to an oxygen molecule to 
produce ozone. 
Table 1.1. Physical properties of N O and N O 2 ^ 
N O N O 2 
Relative molecular mass 30.01 46.01 
(g/mol) 
Melting point (。C)b，c，d -163.6 -11.2 
Boiling point (。C) b e -151.8 21.2 
Solubility in water at 0。C 7.34 Reacts with H 2 O forming 
(cm^/lOOg) b HNO2 and HNO3 
Enthalpy of formation 21.58 50.35 
(kcal/mol)‘ 
Entropy (cal/mol-deg) ‘ 7.91 57.34 
a Adopted from U S E P A (1993) 
b Matheson Gas Data Book (Matheson Company, 1996) 
e Handbook of Chemistry and Physical (Weast et al., 1996) 
d At 0。C and 1 atm pressure 
e At 25°C and 1 atm pressure 
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1.1.2 Sources and formation of N O x 
Sources of N O x emission 
The dominant source of nitrogen oxides emissions in the atmosphere is the 
combustion of matters in air. Fossil fuel power stations, motor vehicles and domestic 
combustion appliances emit nitrogen oxides, mostly in the form of N O (90-95%) and 
some in the form of N O 2 (5-10%). 
Other sources of N O x emission include lightning and nitrification in soils [Y. 
Thunderstorm activity has been viewed as a major N O x source since 1827, when Von 
Liebig proposed it as a natural mechanism for fixation of atmospheric nitrogen. 
Electrical discharges in air generate N O x by thermal dissociation of nitrogen 
molecules due to ohmic heating inside the discharge channel and Shockwave heating 
of the surroundings. The action of micro-organisms in soil is also a significant source 
of NOx. Nitrification is a bacterial process which can result in the conversion of 
ammonia to nitrate (NO3') and nitrite (NO2). 
Formation of N O x in combustion process 
The primary sources of nitrogen oxides are combustion process and explosions. 
Zeldovich [2] first proposed a mechanism of N O x formation involving a chain 
reaction of O and N atoms. 
〇 + N 2 、 — N O + N 
N + 〇 2 〜 — N O + 〇 
Although the primary oxide of nitrogen produced in the combustion process is 
N O , the conversion of N O to N O 2 occurs at lower temperatures when exhaust gases 
are vented to the atmosphere. 
2 N 0 + 〇2 、 、- 2N〇2 
This mixture of N O and N O 2 is often, for convenience, known as N O x except 
J 
where differentiation between the two gases is necessary. 
N O 2 is k n o w n to play an important role in interacting with other atmospheric 
pollutants, for example, hydrocarbons, to produce unpleasant partially oxidized and 
nitrated species [3]. In the catalytic removal of nitrogen oxides, however, N O 2 is 
probably less important. It is because in the catalytic reduction, high process exhaust 
temperatures are used to facilitate reaction and at these temperatures, the 
concentration of N O 2 is small. Therefore, studies on the catalytic reduction and 
decomposition of N O are always a main concern. 
1.1.3 Evaluation of the impact of N O x on human health and environment 
Evaluation of the effects of atmospheric N O x in the environment 
The atmospheric chemistry of N O x includes the capacity for ozone generation in 
the troposphere, ozone depletion in the stratosphere, and direct and indirect 
contribution to global warming as greenhouse gas. The phytotoxic effects of gaseous 
nitrogen oxides on plants have little direct relevance to crop plants when 
concentrations are close to critical level. However, the role of N O x in the generation 
of ozone and other phytotoxic substances leads to crop loss. 
Evaluation of health risks associated with N O x 
Studies show that people with pre-existing respiratory disease, both children and 
the elderly, will be more susceptible to the effects of N O 2 exposure. Also, asthmatic 
individuals appear to be the most susceptible members with regard to respiratory 
responses to NO2. Other potentially susceptible groups include patients with chronic 
obstructive pulmonary disease (COPD), such as emphysema and chronic bronchitis. 
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1.2 Decomposition of NOx 
N O and N O 2 are prime constituents of NOx. They are present in exhaust 
gases from motor vehicles, power plants, and other combustion processes. N O x is a 
pollutant that causes acid rain and smog in urban and industrial areas and it is also 
one of the factors for ozone layer depletion in the stratospheric region [4]. Therefore, 
the removal of N O x (similarly N2O) has remained an important topic in research 
[5-10]. 
The decomposition of N 2 O into its elements has been one of the best model 
reactions to evaluate the catalytic activity of m a n y materials in catalysis [11]. The 
advantage of this reaction is that it follows a mechanism (as shown below) in which 
the catalytic activity can be correlated to the electronic properties of the catalyst [12:. 
N 2 O + e - ^ N2〇-ad 
N2〇-ad ^ N 2 + 〇-ad 
0 - a d + 0-ad ^ O 2 + 2 e -
〇、d + N 2 O ^ 〇2 + N 2 + e -
There are mainly four groups of catalysts for N O x decomposition. 
1. Metal oxides 
2. C u (Co, Fe)-ZSM-5 
3. Precious metals such as supported Rh, Ru, Pt and Pd 
4. Perovskite-type mixed oxides such as La2Cu04 
Metal oxides 
Yur'eva et al [13] studied the decomposition of N O on various metal oxides 
in the temperature range 250-700°C. Within this range, TiO! and V2O5 were found to 
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be almost inactive whereas M n C b tended to oxidize N O to NO2. At 300。C and 200 
Torr, the rate of N O decomposition over the oxides investigated was in the order 
C03O4 > C u O > N i O > FeiOs > CY2O3 > Z n O and the reaction order in N O was 
approximately 2. 
Mori and Ohtake [14] investigated AI2O3-catalysed N O decomposition in the 
temperature range 650-950。C and found that, for N O concentrations > 300 ppm, the 
reaction was zeroth order in N O . A similar temperature range (650-850°C) was used 
by Meubus [15] to investigate N O decomposition on Ca, Sr and B a oxides. B a O was 
found to be the most effective, giving 6 0 % conversion at 850。C, but SrO and C a O 
gave only 3 5 % and 25%, respectively. 
C u (Co, Fe)-ZSM-5 
For the ion-exchanged Z S M - 5 catalysts, the active sites and reaction 
intermediates for N O x decomposition have been extensively studied. In general, the 
experimental data suggest that the reaction proceeds via a redox-type mechanism 
16]. The shortcoming of this material is low hydrothermal stability [17 . 
Boudart and co-workers [18-20] discovered that when the Na+ 
base-exchanged cations of a Y-zeolite were replaced with Fe , the latter could be 
readily oxidized to Fe^^ with the uptake of one atom of oxygen for each two Fe3+ 
formed. They further showed that the oxygen bearing Fe^+Y could be reduced back 
to the original Fe Y with Hi, forming a stoichiometric amount of H2O. These 
changes were unambiguously confirmed by Mossbauer spectroscopy [21. 
A very similar mechanism was suggested for the decomposition of N 2 O over 
Fe-exchanged zeolites [22] ； the N 2 O was the oxidizing agent and O2 was desorbed in 
the reduction step. In contrast, N O oxidized reduced Fe-zeolites with the generation 
ofNi. 
Cu-zeolites, especially Cu-ZSM-5, are active catalysts for both N 2 O and N O 
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decomposition. It has been shown [23-25] that reduction of Cu^"^ to Cu+ occurs 
concomitantly with the spontaneous desorption of O2 from Cu-zeolites at 
temperatures above 573K. 
Zeolite based catalysts have also been widely tested for N O x decomposition 
26-28]. Li et al. [29] have reported a wide range of zeolite-based catalysts that show 
a promising catalytic activity for N O x decomposition in the temperature range of 
250-400°C. Copper and cobalt exchanged Z S M - 5 was also found to have a higher 
reaction rate (2.7 x 10 mol/g h). 
Precious metals such as supported Rh, Ru, Pt and Pd 
Precious metal catalysts have generally been found to be more active for N O x 
decomposition than base metal systems. However, the high cost limits their 
applications. 
W u [30] found that precious metal catalysts possessed activities that were 
equal to or higher than that of the best rare-earth oxide catalyst examined (CeO�). 
The catalytic activities of these can be listed in descending order, with temperatures 
where 9 0 % N O x was removed in parenthesis: R11O2 (210°C) > 5 % RU-AI2O3 (260。C) 
> 5 % Pd- AI2O3 (270。C) > ReOs (425。C) > C e O ! (480。C) > 5 % Pt- AI2O3 (480。C). 
Hence, R u is one of the most active of the precious metals in N O reduction reactions 
and also tends to exhibit a high selectivity for N i formation as opposed to NH3 
formation under realistic conditions, e.g., in motor vehicle exhaust. 
Comparison of the activity of Lao.gSro.iCoOs-s with supported Pd and Pt was 
reported by Gunnasekaran and co-workers [31]. For Lao.gSro.iCoOs.s, the catalysts 
exhibit a promising performance for N 2 O decomposition with conversion of about 
5 5 % at 500°C. This C o perovskite has been reported to exhibit the highest activity in 
the Lao.gSro.iMOs-s ( M = metal) series. 
A m o n g the supported noble metal catalysts, Pd/AliOs showed the highest 
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activity with 7 9 % conversion at 500°C and the activity of Lao.gSro.iCoOs-s was found 
to be comparable to Pd/AliOs catalyst at temperatures above 500°C [29 . 
1.3 Perovskite-type oxides 
Introduction 
A m o n g the various types of perovskite-type compounds, the most numerous 
and most interesting perovskite compounds are oxides. Mixed metal oxides 
crystallizing in a perovskite-related structure have long been of interest to solid 
chemists and physicists because of their technologically important physical 
properties. These controllable physical properties make these metal oxides suitable 
for basic research in catalysis. Perovskite-type compounds are better catalytic 
materials than simple oxides because: (1) the crystal structure can accommodate 
various metal ions and can stabilize unusual mixed valence states of active metal ion; 
(2) appropriate formulation of these oxides leads to easy tailoring of m a n y desirable 
properties such as valence state of transition metal ion, distance between active sites, 
binding energy, diffusion of oxygen in the lattice, magnetic and conducting 
properties of the solid; (3) the catalytic activity can be correlated to solid state 
properties since m a n y of such properties are thoroughly understood; (4) the surface 
of these oxides can be regenerated by suitable activation procedure [32 . 
1.3.1 Structure and composition of perovsite-type oxides 
The general structure of perovskite-type oxides is ABO3 (Figure 1.1), where 
A is rare earth metal and B is transition metal. For B-site cation, it is surrounded 
octahedrally by oxygen, and the A-site cation is located in the cavity of the 
octahedral frame; that is, surrounded by 12 B-site cations [33-35". 
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Figure 1.1. Schematic structure of perovskite ABO3 
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Another perovskite-type oxide is A2BO4. They have the tetragonal K2NiF4-type 
structure. Figure 1.2 shows the two schematic structures {T structure and T structure). 
The unifying structural feature of the high-rc cuprate perovskites is the presence of 
C11O2 layers, formed by corner sharing square CUO4 units. These layers are present in 
both hole- and electron-doped superconductors and are part of either strongly 
elongated octahedral Cu06 units (T phases, La2-xSrxCu04-5) [36-38], or 
square-pyramidal C u O s units (7* phases, Nd2-x-yCexSryCu04-5) [39], or square-planar 
C11O4 units (T phases, Nd2-xCexCu04-5) [40-42]. 
ABO3 mixed oxides are known to be active catalysts for N O x reduction. They 
are thermally stable (up to 1000。C) and can accommodate lattice defects such as 
oxygen vacancies, A-site deficiencies, and B ions of variable oxidation states. 
However, A2BO4 is even thermally more stable than ABO3 and so has been described 
as novel catalyst for N O x decomposition [8:. 
For unsubstitued perovskite oxides, the oxidative activity mainly depends on 
the B-site cation and the non-stoichiometric amount of oxygen, 5, in the lattice. The 
A-site cation is inactive and has no contribution to the activity. 
But for perovskite oxides, part of A-site cations are substituted by A’ cations 
with valance lower than that of the A-site cations. Such degree of substitution does 
contribute to the activity because partial or total substitution of A by A，leads to the 
formation of a high valance B cation or oxygen vacancy. 
Changing the internal charge distribution will result in the formation of 
oxygen vacancies, which are very useful for catalytic function. 
10 
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Figure 1.2. Schematic structures of perovskite A2BO4 (a) T structure, and (b) T， 
structure 
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Actually there are two kinds of oxygen in perovskite oxide, viz. “lattice 
oxygen" and “adsorbed oxygen" [43-44]. The former is oxygen that positions inside 
the lattice and bonds mostly to the metal. They are strong when compared with the 
adsorbed oxygen and desorbs only at high temperature, depending on the type of the 
perovskite. Adsorbed oxygen is oxygen (such as 0' or OH") weakly adsorbed on the 
catalyst surface. It is formed by (i) inducing high valence metal to the perovskite 
oxide, (ii) heating it up to about 800。C to produce oxygen vacancies, and (iii) finally 
cooling d o w n and letting gas oxygen adsorb to the surface of the metal oxide [45]. 
1.3.2 Preparation of perovskite-type oxides 
Different perovskite-type oxides are prepared separately. In general, 
preparation of perovskite involves the mixing of A and B metal ion precursors at high 
temperature. To act as a catalyst, a perovskite oxide should have following 
properties: 
1. It should be mechanically and chemistry stable during operation under reaction 
conditions. 
2. It should be able to activate hydrocarbon, and show significant selectivity of the 
desired product(s). 
3. To be used in an electrochemical reactor, it should have considerable 
conductivity for both electrons and oxide ions. 
4. If possible, the material should have thermal properties that match fairly well to 
substrate material. 
Here are some c o m m o n methods of perovskite preparation [46]: 
1. Solution preparation 
Traditional ways of making perovskite materials usually adopt mixing 
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constituent oxides, hydroxides and carbonates. However, since these materials are 
generally large in particle size, this approach frequently requires repeated mixing 
and extended heating at high temperature to generate a homogeneous and 
single-phase material. In order to overcome the disadvantages of low surface area 
and limited control of the micro-structure inherent in the high temperature process, 
precursors generated by sol-gel preparations or co-precipitation of metal ions have 
been adopted, using precipitating agents such as hydroxide, cyanide, oxalate, 
carbonate, citrate ions, etc. The advantages of using such methods are better 
homogeneity and improved reactivity. Furthermore, compared to the traditional 
methods, it only needs a relative low temperature to produce similar materials. Also, 
other additional advantages, such as better control of stoichiometry and purity, 
greater flexibility and better control of particle size are offered. 
2. Solid state reaction 
The conventional processing of perovskite-related materials is based on 
solid-state reactions between metal-carbonates, hydroxides and oxides. A typical case 
is represented by BaTiOs [47]. Impurities are introduced from raw materials, milling 
media, and the calcinations container. Because of the high temperature required for 
complete reaction and coarse particles, problems such as multiphase have to be 
minimized in order to generate homogeneous high performance BaTiOs. 
3. Gas phase preparations and reactions 
The deposition of perovskite films with a specific thickness and composition 
generally requires gas phase reaction or transport. M a n y physical techniques have 
been developed for gas phase deposition such as laser ablation [48], molecular beam 
epitaxy [49], dc sputtering [50], magnetron sputtering [51], electron beam 
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evaporation [52] and thermal evaporation [53；. 
4. Support 
S o m e perovskites, such as cobaltate and manganite, exhibited competitive 
activity for the oxidation of C O and reduction of N O compared with noble metal 
catalysts [54]. However, due to their poisoning by SO2, low surface areas and weak 
mechanical strength m a y result. This m a y therefore affect their catalytic applications 
.55]. Developing a well-dispersed perovskite on support has been used to optimize 
the performance except for poisoning. In the preparations of a supported perovskite 
from solution, the method of drying can be extremely important. 
1.3.3 Literature review of perovskites for N O x decomposition 
Perovskite-type mixed oxides are active catalyst for N O x reduction. Their 
high thermal stability (up to more than 1000。C) and the large number of possible 
metal ions to be incorporated in the ABO3 or A2BO4 structure qualify them as 
tailor-made catalysts for this application. 
S w a m y et al. [56] have recently reviewed the decomposition of N O x over 
perovskite related oxides and the electronic theory in N O x catalysis has been mostly 
addressed by exhibiting various correlations between the physicochemical properties 
of the catalyst and catalytic activity [29:. 
Muralidhar et al. [57] studied the decomposition of N 2 O on L a M O s ( M = Cr, 
Ni) and the effect of the B ion on catalytic activity. Results showed that perovskites 
containing low spin M^^ ions were highly active. 
The role of rare earth at the A-site was studied by carrying out decomposition 
of N 2 O on L n M n O s (Ln= La, Nd, S m and Gd) [58]. In that system, M n - O - M n cluster 
has been considered to be the active site for the reaction. A s the lattice parameters 
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increases, M n - 0 bond length increases, thus increasing the d-electron density around 
M n ion. A s proceeds from La —> Gd, f-electrons are being filled successively and one 
can expect a relative increase in the net electron density around M n . A s a result, the 
residual time of 0' on M n sites can be expected to decrease and desorption of oxygen 
becomes facilitated. 
Similarly, the effect of rare earth on catalytic activity was studied by 
Ramanujachary et al. [59] over LnNiOs (Ln = La, Sm, Nd). In the case of LaNiOs, 
La has an empty f orbital; hence f-pz interaction between La and O “ ion will be weak, 
while dz2-pz interaction between will be strong. A s the rare earth is changed to 
Sm, Ln-0 interaction increases and consequently the Ni^^-0 interaction decreases 
resulting in the increase in the electron density around Ni^^. In such case, 0' is held 
strongly by Ni^^ on the surface and increased oxygen inhibition was found. 
Louisray et al. [60] studied the effect of the valence state on the catalytic 
activity of Lai.xSrxMnOs (x = 0 to 1). M a x i m u m activity shows at x = 0.41 
corresponding to 5 0 % Mn4+. M n ^ V Mn4+ cluster is reported to be an active site for 
the decomposition of N 2 O and this cluster acts as electron acceptor as well as donor 
site. 
N 2 O decomposition over Nd2Cu04, Ndi.6Bao,4Cu04 and Ndi.8Ceo.2Cu04 was 
studied by Gao et al. [10]. Results showed that the catalytic activities of Nd2Cu04 
are lower than that of Ndi,6Bao,4Cu04 and NduCeo.aCuOg, which was ascribed to the 
low concentrations of species O". 
Gao et al. also studied the N O decomposition over Lai.867Tho.iooCu04 [8'. 
According to the proposed mechanisms for N O decomposition, N i O�� ' is an essential 
intermediate for N2 production, whereas oxygen species O" (or O2') is needed for the 
formation of the crucial intermediate N202^" during N O adsorption on the reduced 
catalyst. 
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1.4 Objective of the project 
In this project, two series of perovskite-type oxides were prepared, viz. 
NdSrCui-xCox04 and Smi.8Ceo.2Cui.xCox04 (where x=0.2, 0.4, 0.6, 0.8 and 1.0). 
Partial substitution of B cations by C o ions of different ratio concentrations gives rise 
to various oxidation states of B-site cations and structural defects in the crystal lattice. 
Six main entries are carried out in this project: (1) to prepare perovskite-type mixed 
oxides; (2) to study the physico-chemical properties of the oxides; (3) to investigate 
the nature of defects generated in the catalysts; (4) to determine the catalytic 
performance of the catalysts; (5) to establish links between defects and the catalytic 
performance; and (6) to study the highest catalytic activity among these catalysts. 
Techniques or instruments used in this study include X-ray powder diffraction 
(XRD), Brunauer, Emmett and Teller (BET), C u oxidation state titration, X-ray 
photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), 
NO-temperature programmed desorption (NO-TPD) and gas chromatography (GC). 
X R D was used to characterize the crystal structures of the catalysts; B E T was used to 
determine the specific surface area of the catalysts; titration was used to determine 
the contents of copper ions; X P S was used to determine the surface compositions and 
the representative oxidation states of the catalysts; T G A was used to study the weight 
loss within a range of temperature; N O - T P D was used to quantify the amount of 
desorption from catalysts by calibrating the peak areas against that of a standard 
pulse of N O , N2O, N O 2 and N2; and the G C was used to evaluate the catalytic 
activities for the decomposition of NOx. 
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Chapter 2. Experimental 
2.1 Catalyst preparation 
The NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts were prepared by 
the thermal decomposition of their respective precursor complexes derived from 
nitrate solution using citric acid (Aldrich, 99%) as a complexing agent. The catalysts 
were prepared by mixing appropriate ratios of (1) NdzOs (Strem, 99.9%), Sr(N03)2 
(Aldrich, <99.9%), Cu(N03)2.2.5H20 (Aldrich, 98%) and Co(N03)2.6H20 (Aldrich, 
99%) for NdSrCui.xCox04 catalysts (where x = 0, 0.2, 0.4, 0.6, 0.8 and 1); and (2) 
Sm203 (Aldrich, 99.9%), Ce(N03)3'6H20 (Aldrich 99%), Cu(N03)2.2.5H20 (Aldrich, 
98%) and Co(N03)2.6H20 (Aldrich, 99%) for SmuCeojCui.xCoxOi catalysts (where 
X = 0, 0.2, 0.4, 0.6, 0.8 and 1). The solution was evaporated at 80。C until viscous 
syrup was formed. The powder was then further calcinated at 850°C for 10 hours to 
form the fine powder. The fine powder was then pressed, crushed and sieved to a 
grain size of 80-100 meshes. 
2.2 Catalytic activity evaluation 
The catalytic activities were measured between 300 and 600°C at 
atmospheric pressure, 1 hour after performance stabilization over a fixed-bed quartz 
micro-reactor (Figure 2.1). 0.2g of sample was pre-treated in situ at 800°C for 1 hour 
in a H e flow before testing. A thermocouple was placed in the middle of the catalyst 
bed to determine the reaction temperature. The total G H S V was 2800 h'^  and the feed 
concentration was 0.1% N O with helium being the balance. Gas chromatography 
(Shimadzu GC-8A) with 5 A Molecular Sieve and mass spectrometry (HP G1800A) 
were used to determine the N O decomposition activity. 
2 0 
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Figure 2.1. A schematic diagram of catalytic reactor system: l.Pressure 
stabilizing valve; 2.Flow-rate stabilizing valve; 3.Mass flow controller; 
4.Four-way valve; 5 and 6.Six-way sampling valves; V.Reactor; S.Furnace; 
9.Catalyst bed; lO.Thermocouple; 11.Temperature controller. 
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The conversion of N O to N2 is defined as: 
number moles of NO converted 
c = X100% 
number moles of NO fed 
2.3 Catalyst characterization 
A host of techniques were employed to characterize the catalysts. X-ray 
powder diffraction ( X R D ) was used to determine the phase constitutions; Brunauer, 
Emmett and Teller (BET) was used to determine the surface area; X-ray 
photoelectron spectroscopy (XPS) was used to investigate the composition and 
oxidation states of elements; thermogravimetric analysis ( T G A ) was used to study 
the weight loss within a temperature range; NO-temperature programmed desorption 
(NO-TPD) was used to determine the affinity of N O x species (such as N O , NO2, N 2 O 
and N2) adsorbed at oxygen vacancies; and titration was used to determine the 
contents of copper ions. 
2.3.1 Powder X-ray diffraction (XRD) 
2.3.1.1 Theory 
X R D is one of the most frequently applied techniques in catalysts 
characterization. X-rays have wavelengths in the A range, are sufficiently energetic 
to penetrate solids and are well suited to probe their internal structures [1-2]. X-ray 
diffractometers fall broadly into two classes: single crystal and powder. Powder 
diffractometers are routinely used for phase identification and quantitative phase 
analysis. 
Film techniques for powder X-ray diffraction were independently 
developed between 1915 and 1917 by Peter Debye and Paul Scherrer in Germany 
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and by Albert Hull in the United States. Powder diffractometers with counter 
detectors appeared in the 1940s, with modern instrument designs credited to William 
Parrish [3:. 
The operation equation in X-ray diffraction is the Bragg equation: 
nX = 2d sin 6 
where n is the order of a reflection, X is the wavelength of the X-ray, d is the distance 
between parallel lattice planes, and 6 is the angle between the incoming X-ray and 
the normal to the reflecting lattice plane. 
W h e n the pathlength in the crystal {2ds>in6) is a multiple of the wavelength, 
constructive interference occurs and diffracted intensity is obtained. In general, the 
(i-spacing is a function of the lattice parameters {a, b, c) and angle (a, p, y) defining 
the unit cell, and the Miller indices (h, k, I) denoting a particular reflection. A s such, 
it is the geometry of the crystal lattice that determines the positions of the peaks in an 
X-ray diffraction pattern. Generally, the more symmetrical the material, the fewer 
peaks in its diffraction pattern. The diffracted intensities associated with those peaks 
are determined by the type and arrangement of atoms within the crystals lattice [4:. 
2.3.1.2 Instrumentation 
A basic powder diffraction system consists of an X-ray source, two-circle 
goniometer {6 and 29 circles), sample stage, detector and computer for instrument 
control and data analysis. 
In this project, Huber powder diffractometer with C u Ka source was used to 
determine the crystal structure. The operating power was 40kV and 200mA. 
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Sample preparation 
The fine sample powder was put and stuck onto the adhesive tape of a plastic 
sheet. The whole plastic sheet was then fixed on the sample holder with an 0-ring on 
the top. Finally, the sample holder was put onto the sample stage of the X-ray 
diffractometer for the analysis. 
Working principle 
Electrons emitted by an electrically heated metal (usually tungsten) filament are 
accelerated by a high potential difference (20-50 kV) to strike on an anode metal 
target of a X-ray source. A continuous spectrum of X-radiation, superimposing with 
some sharp and intense X-ray peaks (Ka and Kp) were emitted. The frequencies of Ka 
and Kp lines are characteristic of the anode target metals. The diffraction pattern of 
powdered sample is usually measured with C u Ka source and a movable detector, 
which scans the intensity of the diffracted radiation as a function of the angle 20 
between the incoming and the diffracted beams. W h e n working with powdered 
samples, an image of diffraction lines occurs because a small fraction of the powder 
particles will be oriented so that by chance a certain crystal plane Qikl) is at the right 
angle with the incident beam for constructive interference. 
Figure 2.2 shows a layout of powder diffractometer. A flat specimen is mounted 
on a turntable around which moves a detector. A s the sample rotates, the angle 6 
between the incident beam and the sample changes. Whenever the Bragg condition is 
fulfilled, X-rays are reflected to the detector. The detector is connected to the 
specimen table and geared in such a way that when the table rotates through 6 
degrees, the detector rotates through 26 degrees. This results in the detector always 
being in the correct position to receive rays reflected by the sample. 
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Figure 2.2. A layout of a typical powder diffractometer 
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Data processing 
The phase and the crystal structure of the catalysts were identified by matching 
the obtained diffraction pattern with those in the Powder Diffraction File - 1998 
I C D D P D F Database. 
2.3.2 Brunauer, Emmett and Teller (BET) 
2.3.2.1 Theory 
The Brunauer, Emmett and Teller (BET) method [5] is the most widely 
used method for the determination of specific surface areas of solid materials. It 
involves the use of the B E T equation [6-7]: 
P — 1 C - 1 P 
V ( P �- P) VmC po 
in which V is the volume of gas (STP) adsorbed and Vm is the volume of gas (STP) 
adsorbed in the monolayer. The quantity C is equal to Qxp (Q-L)/ RT, in which Q is 
the heat of adsorption in the first adsorbed layer and L is the latent heat of 
condensation of the gas, equal to the heat of adsorption in all following layers. The 
relative pressure of the gas is P/P�’ 
In the practical application of the B E T method, the volume of adsorbed gas 
is measured at constant temperature as a function of the partial pressure. For 
multipoint B E T method, a linear plot of 1/ V [(P�/P) — 1] versus is restricted to 
a limited region of the adsorption isotherm, usually in the P/P�range of 0.05 to 0.30, 
often called "the B E T region". The standard multipoint B E T procedure requires a 
minimum of three points in the appropriate relative pressure range. The volume of 
gas (STP) adsorbed in the monolayer (Vm) can then be obtained from the slope S and 
intercept I of the B E T plot. 
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C - 1 
VmC 
/ = 丄 
VmC 
Vm — 
S + I 
The second step in the application of the B E T method is the calculation of 
the surface area. This requires knowledge of the molecular cross-sectional area Acs of 




where N is the Avogadro's number (6.022 x 10 molecules/mol) and M is the 
molecular weight of the adsorbate. 
The specific surface area SBET of the solid can then be calculated from SSA 




Nitrogen is the most widely used gas for surface area determination since it 
exhibits intermediate values for the C constant (50-250) on most solid surfaces, 
precluding either localized adsorption or behavior as a two dimensional gas. Since it 
has been established [8-9] that the C constant influences the value of the 
cross-section area of an adsorbate, the acceptable range of C constants for nitrogen 
makes it possible to calculate its cross-sectional area from its bulk liquid properties. 
In this experiment, assuming that the rate of adsorption depends on the 
number of adsorption sites, and the rates of desorption depends on the number of 
adsorbates already on the surface; then the application of steady state approximation 
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leads to a relation which gives the specific surface area. 
2.3.2.2 Experimental 
Before N2 adsorption, O.lg of catalyst was purged in vacuum (〜IPa) at 
300°C for 2 hours in order to remove the impurities on the surface. After cooling 
d o w n to room temperature, the tube was removed from the heater and connected to 
the sample analysis station. Then, N2 was allowed to pass through and to be adsorbed 
on the catalyst, which was kept under liquid nitrogen temperature (-196°C). The 
surface area was then obtained according to the B E T equation. 
2.3.3 X-ray photoelectron spectroscopy (XPS) 
O f all the surface characterization methods, electron spectroscopy for 
chemical anaylsis (ESCA) is the most widely used. E S C A is also called X-ray 
photoelectron spectroscopy (XPS). 
In 1887, Hertz reported the first photoemission experiment. H e noticed that 
electrical sparks induced the formation of a second spark in a variety of samples [10]. 
H e correctly recognized that the effect was due to U V light generated by the first 
spark but he did not understand the nature of the induced spark. About ten years later, 
Thomas identified the radiation in Hertz's experiment as being caused by electrons 
11]. The phenomenon of photoemission has played an important role in confirming 
Einstein's famous postulate (published in 1905) that light is quantized in photons of 
energy hv [12:. 
Nowadays, X P S is among the most frequently used techniques in catalysis. 
It provides information on the elemental composition, the oxidation state of the 
elements and in favorable cases on the dispersion of one phase over another. 
2 8 
2.3.3.1. Theory 
X P S is based on the photoelectric effect, in which an atom absorbs a photon 
energy hv, and a core or valence electron with binding energy Eb is ejected. These 
electrons have a kinetic energy Ek, which can be measured in the spectrometer. The 
photoemission process is shown on an energy diagram in Figure 2.3. 
The basic physics of this process can be described by the Einstein 
equation: 
Ek = /^ v - Eb 
where Ek is the kinetic energy of the photoelectron 
h is the Planck's constant 
V is the frequency of the exciting radiation 
Eb is the binding energy of the photoelectron in the atom 
2.3.3.2. Qualitative and quantitative analysis 
A typical X P spectrum is generated by plotting the measured photoelectron 
intensity as a function of binding energy. The resulting series of lines are 
superimposed on a background caused by the Bremsstrahlung radiation inherent in 
non-monochromatic X-ray source. The B E s of these lines are characteristic for each 
element, and are a direct representation of the atomic orbital energies. A s a result, the 
X P spectra can be used for identification purpose. 
Binding energies are not only element specific but contain chemical 
information as well, because the energy levels of core electrons depend slightly on 
the chemical state of the atom. The binding energy of a photoelectron contains both 
information on the state of the atom before photoionization (the initial state), and on 
the core-ionized atom left behind after the emission of an electron (the final state). 
The chemical shifts are typically in the range of 0-3 eV. 
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Figure 2.3. Photoemission process in X-ray photoelectron spectroscopy 
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X P S can be also used to analyze the composition of samples. The 
intensity of a photoemission peak in a measured spectrum can be defined as the area 
left after subtracting the background contributions associated with inelastic scattering. 
B y measuring the peak areas and correcting them for the appropriate instrumental 
factors, the percentage of each element detected can be determined. 
2.3.3.3. Instrumentation 
The P H I Quantum 2000 X P S system was used for sample analysis in this 
project. Its major components include a vacuum system, X-ray source, electron 
energy analyzer and data system [13]. A schematic drawing of a contemporary X P S 
instrument is shown in Figure 2.4. 
Vacuum system 
Electrons traveling from a sample surface towards the energy analyzer 
should encounter as few gas molecules as possible, otherwise they will be scattered 
and lost from the analysis. A s a result, the X P S experiment must be done under high 
vacuum to ensure reproducibility. The actual vacuum required will depend on the 
reactivity of the sample. For most applications, a vacuum of Torr is adequate. 
For the X P S conducted in this work, the samples were first outgassed in a vacuum of 
10.6 Torr for 30 minutes and were then introduced to the analyzer chamber (3 x 10"^  
Torr) for measurements. 
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Figure 2.4. A schematic diagram of X-ray photoelectron spectrometer 
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X-ray source 
A n ideal photon source must be sufficiently energetic to access core levels, 
intense enough to produce a detectable electron flux, have a narrow line width and be 
simple to use and maintain. In XPS, the two materials used universally as anodes in 
X-ray sources are magnesium and aluminum. The X-ray source for the P H I Quantum 
2000 X P S system was A1 anode, producing Ka radiation. 
Electron energy analyzer 
Once the photoelectrons have been produced, they must be separated 
according to their energy and subsequently converted into a spectrum. The electron 
energy analyzer is thus the critical component in determining sensitivity and 
resolution. For the P H I Quantum 2000 X P S system, LaB6 cathode was used as the 
electron gun. The LaBe filament produces an accelerating electron beam with 20eV 
and the electrostatic condenser lens and magnetic objective lens demagnify the 
source. The high-speed deflection system applies rapidly changing high voltages to 
the deflection plates. The corresponding electric field, generated between the plates, 
force the beam to m o v e between the plates. Therefore, the plates steer between the 
electron beam and cause the beam to strike the A1 coated anode, producing Ka 
radiation. Finally, an ellipsoidal crystal array on the monochromator focuses the 
radation from the anode onto the sample. 
Data processing 
Data acquisition and data analysis can be done simultaneously on computer 
by using a current software program X P S P E A K Version 4.1. Peak shapes can be fit 
before doing a spectral interpretation. 
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2.3.4 Thermogravimetric analysis (TGA) 
T G A was carried out in a thermal analyzer (Shimadzu DT-40) containing a 
electrobalance. The sample (5-lOmg) was kept in a flow of N i (20mL min'^) and 
heated from room temperature to 800°C at a rate of 35°C min\ Before performing 
the T G A experiment, the sample was treated under O2 in situ at 800°C for 30 minutes 
and finally cooled in O2 to room temperature. Such treatment is to maximize the 
removal of the adsorbed CO2 and H 2 O on the sample. T G A profile was recorded 
from room temperature to 900。C at a rate of 10。C mirfi. 
2.3.5 NO-temperature programmed desorption (NO-TPD) 
Temperature programmed desorption (TPD) or thermal desorption 
spectroscopy (TDS) can be used on technical catalysts, but is particularly useful in 
surface science. T P D is an excellent technique for determining surface coverages, 
where one studies the concerntrations of species adsorbed and desorbed on the 
surfaces of single crystals [14:. 
For the N O - T P D , 0.2g catalysts was placed in the middle of a quartz 
microreactor (i.d. = 4 m m ) . The outlet gases (NO, NO2, N2O, N2 and O2) were 
analyzed on-line by mass spectrometry (HP G1800A). The heating rate was 10°C 
mirfi and the temperature range was from room temperature to 950。C. Before 
performing N O - T P D experiment, the sample was first treated in situ at a temperature 
of 500。C for 30 minutes in a N O flow of lOmL m i n ^ followed by cooling in N O to 
room temperature and then purging with helium (flow rate = 2 0 m L min.i) for 30 
minutes. 
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2.3.6 Titration method 
The contents of Cu^^ and Cu+ ions in NdSrCui—xCoxCU and 
Smi.8Ceo.2Cui.xCox04 catalysts were determined using a rather popular method of 
titrimetric analysis based on the oxidation of ferrous ion [15-18]: 
Cu3+ + Fe2+ — Cii2+ + Fe3+ 
or the reduction of ferric ion: 
Cu+ + Fe3+ Cu2+ + Fe2+ 
0.2g sample was dissolved in 2.6M H3PO4 solution containing standard 
0.1MFe2+ (Mohr's salt) solution under N2 atmosphere. The Fe^ "^  that remained after 
the above reaction was titrated against standard 0.017M potassium dichromate 
solution. For the determination of Cu+ content, 0.2g sample was dissolved in 2.6M 
H3PO4 solution containing standard O.IM Fe^^. Fe^^ was reduced to Fe^ "^  via the 
above reaction and the Fe^^ ions could be determined by titrating the solution against 
standard 0.017M potassium dichromate solution. Sodium 4-diphenylamine sulfonate 
was used as the indicator. 
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Chapter 3. 
Preparation and Characterization 
of NdSrCui.xC0xO4 and Smi.8Ceo.2Cui_xCOx04 
catalysts for NOx Decomposition 
3.1 Introduction 
Perovskite-type (ABO3) mixed oxides are known to be catalytically active for 
N O x reduction. This kind of catalyst can tolerate substitutions at both cationic sites 
without changing the backbone structure of the crystal. They are thermally stable (up 
to 1000。C) and can accommodate lattice defects such as oxygen vacancies, A-site 
deficiencies, and B ions of variable oxidation states. Partial substitution of A by A, 
leads to (i) changing in the oxidation state of B cations, and (ii) structural defects 
which are generally associated with the physico-chemical properties of the materials. 
The partial occupation of B-sites by other cations gives rise to various oxidation 
states of the substituting cations, depending on their relative concentration. Generally 
speaking, a perovskite-type oxide catalyst with stronger redox ability and higher 
oxygen vacancy density performs better. Copper is a c o m m o n component in deNOx 
catalysts. For copper-based catalysts, the redox of copper ions and oxygen vacancies 
play an important role in the catalytic conversion of N O x [1-6]. Couples such as 
CuO-Cii+ [4], Cii+-Cu2+ [7-9], and Cu^^-Cu^"" [10-12] have been proposed to be 
involved in deNOx processes. London et al. suggested that N O decomposition is 
associated with a redox between C11+ and Cu° [13]. Mizuno et al. reported that Cu2+ 
is an active center for N O decomposition [14]. In recent years, S w a m y et al. studied 
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the catalytic decomposition of nitrous oxide on La2-xSrxCu04-5 and they attributed the 
highest activity of Lai.85Sro.i5Cu04 to the presence of copper in a mixed oxidation 
state (Cu2+ and Cu^^) [10-11]. Another essential issue in deNOx catalysts is the 
oxygen species. Oxygen vacancies are important sites for N O x adsorption and 
oxygen species are required for the formation of the crucial intermediate N2O2 
In this chapter, w e examine the catalytic role in N O x decomposition of two 
series of perovskite-type catalysts: NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04. The 
catalytic activities of the two catalysts for N O x decomposition were measured by 
means of gas chromatography (GC). Other techniques including X-ray powder 
diffraction (XRD), Bmnauer, Emmett and Teller (BET), C u oxidation state titration, 
X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA) and 
NO-temperature programmed desorption (NO-TPD) were used for catalysts 
characterization. 
3.2 Experimental 
NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts were prepared by the 
citric acid complexing method. Stiochiometric amount of high purity oxalates of 
Neodymium, Strontium, Samarium, Cerium, Copper and Cobalt were dissolved in a 
citric acid solution at 80。C with constant stirring until a viscous gel was formed. The 
gel was abruptly to very fine powder at around 400。C. The powder was then heated 
in air at 850°C for 10 hours. Before used for characterization, the catalysts were 
pressed, crushed and sieved to 80-100 meshes. 
Catalytic activity evaluation was performed according the method described in 
Chapter 2. About 0.2g of sample was pre-treated in situ at 800°C for 1 hour in H e 
flow before testing. The flow rate was lOmL/min and the temperature range was 
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from 300 to 600。C at 50。C intervals. The product was determined on-line by gas 
chromatography (Shimadzu G C - 8 A ) with 5 A Molecular Sieve being the columns. 
The crystal structures of the catalysts were determined by an X-ray 
diffractometer operating at 40kV and 2 0 0 m A using C u Ka radiation. The patterns 
recorded were referred to the Powder Diffraction Files - 1998 I C D D P D F Database 
for identification. X P S technique was used to determine the N d 3J5/2, Sr 3<i5/2, S m 
3J5/2, Ce 3d, C u Ipm, C o 2pyi and O binding energies of surface species with A1 
Ka X-ray as the excitation source. The C line at 285.OeV was taken as a reference 
for binding energy calibration. The specific areas of the catalysts were measured by 
B E T isotherm (Nova 1200). 
T G A experiments were carried out by using the method described in Chapter 2. 
Sample (5-lOmg) placed in a crucible was kept in a flow of N2 (20mL min]) and 
heated from room temperature to 800。C. Before performing the T G A experiment, the 
sample was treated under O2 in situ at 800°C for 30 minutes and cooled to room 
temperature in O2. T G A profile was recorded from room temperature to 900°C at a 
rate of 10°C m m \ 
N O - T P D experiments as well as the copper oxidation states titration were as 
those described in Chapter 2. The amount of N O , NO2, N2O, N2 and O2 desorbed 
from the catalysts were quantified by calibrating the peak areas against the standard 
pulses of N O , NO2, N2O, N2 and O2. The experimental errors for the determination 
of Cu3+ and C11+ contents are estimated to be ±0.10%. 
3.3 Results 
3.3.1 BET, X R D and chemical analysis studies 
The crystal phases, compositions and surface areas of NdSrCui_xCox04 and 
4 0 
S m i 8Ceo.2Cui.xCox04 catalysts are summarized in Table 3.1. 
Table 3.1 Crystal phases, compositions and surface areas of catalysts 
Catalyst Crystal Cii3+orCu+b d Surface area 
2 1 
phase a conc. (m g")  
(mol%) c  
NdSrCuoCoi04-5 r structure 21.5 0 2.08 
NdSrCuo.2Coo.804-6 r structure 29.8 0.137 6.93 
NdSrCuo.4Coo.604-6 r structure 31.3 0.070 7.10 
NdSrCuo.6Coo.404-5 7 structure 28.4 0.215 5.32 
NdSrCuo.8Coo.204.5 7 structure 26.1 0.296 4.54 
NdSrCuiCoo04-5 7 structure 28.1 0.360 2.52 
Smi.8Ceo.2CuoCoi04-5 cubic SmsOs 28.4 -0.600 4.34 
Smi.8Ceo.2Cuo.2Coo.804-6 T' structure 22.9 -0.477 4.29 
Smi.8Ceo.2Cuo.4Coo.604.5 T' structure 39.6 -0.321 8.22 
Smi.8Ceo.2Cuo.6Coo.404-5 T' structure 39.0 -0.183 7.81 
Smi.8Ceo.2Cuo.8Coo.204.5 T' structure 23.7 -0.105 6.83 
Smi.8Ceo.2CuiCoo04-§ T' structure 35.4 -0.077 7.03 
a rand T' denotes tetragonal structure. The only difference between rand T' 
structures is that there are no apical oxygen atoms in the T' structure 
b Assume that there are only Cu^"^ and Cu^"^ ions in NdSrCui-xCox04-5 catalysts or Cii+ 
2 + • 
and C u ions in Smi.8Ceo.2Cui.xCox04.5 catalysts 
e The estimated uncertainty in this column of data was ±0.2 
d The estimated uncertainty in this column of data was ±0.001 
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Based on the results of Cu]. or Cii+ titration as well as the assumption of 
electroneutrality, the value of 5 was estimated to be 0.360 for NdSrCuiCoo04, 0.296 
for NdSrCuo.8Coo.2O4, 0.215 for NdSrCuo.6Coo.4O4, 0.070 for NdSrCuo.4Coo.6O4, 
0.137 for NdSrCuo.2Coo.8O4 and 0 for NdSrCuoCoi04, respectively; whereas the 5 
value was -0.077 for SmuCeojCuiCooO*, -0.105 for Sm1.8Ceo.2Cuo.8Coo.2O4, -0.183 
for Sm1.8Ceo.2Cuo.6Coo.4O4, -0.321 for Sm1.8Geo.2G1io.4Goo.6O4, -0.477 for 
Sm1.8Ceo.2Cuo.2Coo.8O4 and -0.600 for Smi.8Ceo.2CuoCoi04, respectively. The 5 
values of NdSrCui-xCoxCU catalysts were superior to Smi.8Ceo.2Cui.xCox04 catalysts 
and in both series, the 5 values were decreased with the increasing x value. One can 
conclude that the substitution of C o ions for C u ions in B-site lowered the amount of 
oxygen vacancies. Partial substitution of B cations by different ratio concentrations 
gives rise to various oxidation states of B-site cations. Co-doping aimed to regulate 
the oxidation state of C u (and C o itself) and the oxygen vacancy density. 
The surface areas of NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts were 
measured by B E T isotherm. The surface areas were found to vary slightly, from 2.08 
1 
to 8.22m g' . It can be concluded that the surface areas were not affected 
significantly by the compositions, as they showed independence on the value of x. In 
fact, the surface areas of all catalysts were less than 10 m^g'^ because the catalysts 
were pre-treated under high temperature calcinations. 
B y comparing the X R D patterns of NdSrCui.xCoxCU and Smi.8Ceo.2Cui.xCox04 
with the I C D D P D F Database data, w e deduced that NdSrCui.xCox04 catalysts adopt 
a tetragonal structure with apical oxygens (T structure), whereas 
Smi.8Ceo.2Cui.xCox04 catalysts adopt a tetragonal structure without apical oxygens 
(T' structure). The X R D patterns of NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 
catalysts are shown in Figure 3.1 and Figure 3.2. From the results, one can realize 
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that the perovskite structure was preserved upon the substitution of C u by C o in the 
NdSrCui-xCoxCU catalysts, whereas full Co-substitution (when x=l) in 
Smi.8Ceo.2Cui.xCox04 catalysts led to the disruption of the perovskite structure. Trace 
amount of cubic SmiOs was found in Smi gCeo iCuoCoiCU. 
3.3.2 Catalytic activity 
Figure 3.3 shows the catalytic performance of NdSrCuiCoo04, 
NdSrCuo.4Coo.6O4, NdSrCuo.2Coo.8O4, Sm1.8Ceo.2Cuo.6Coo.4O4, Sm1.8Ceo.2Cuo.4Coo.6O4 
and Smi.8Ceo.2CuoCoi04. The main product was N2. 
With the rise in temperature from 300 to 600°C, over NdSrCuiCoo04 and 
NdSrCuo.2Coo.8O4, N O conversion increased and reached a m a x i m u m value of 
38.06% and 24.92% at 500。C, respectively. Over NdSrCuo.4Coo.6O4, N O conversion 
reached a m a x i m u m value of 14.78% at 350。C and then decreased to 0 % at 550。C. 
Compared to NdSrCui.xCoxCU catalysts, Smi.8Ceo.2Cui.xCox04 catalysts showed 
m u c h lower N O conversion. With the rise of reaction temperature from 300 to 600。C, 
Sm1.8Ceo.2Cuo.6Coo.4O4 attained a m a x i m u m value of 17.35% at 500°C, whereas over 
Sm1.8Ceo.2Cuo.4Coo.6O4 and Smi.8Ceo.2CuoCoi04, they reached a m a x i m u m value of 
17.86% and 20.63% at 400°C respectively. 
The catalytic performance of NdSrCui C00O4 as related to contact time at 500°C 
is shown in Figure 3.4. From the results, one can realize that NdSrCuiCoo04 kept a 
constant range (37.25% to 39.25%) of N O conversion at 500°C. That means they are 
durable within a period. 
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Figure 3.1. X R D patterns of fresh NdSrCui.xCox04 
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Figure 3.3. Catalytic performance of catalysts as related 
to reaction temperature 
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Figure 3.4. Catalytic performance of NdSrCujCo^O^ as related 
to contact time at SOO^C 
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3.3.3 X P S studies 
The surfaces of the perovskite-type catalysts were studied by XPS. The X P S 
spectra of Sr(3 J5/2), 8111(3^5/2), Ce(3^/), Cu(2p3/2), Coilpm) and O(l^) were 
recorded. 
Figure 3.5 illustrates the N d 3dsn core-level spectra of (a) standard NdiOs, and 
(b) NdSrCui.xCox04 catalysts. It can be observed that all the spectra are rather similar. 
The component at ca. 982eV (binding energy) can be ascribed to a 4/ feature and 
the one at ca. 978eV to a 4/ \ (L denotes a ligand hole) feature [15]. The 
observation indicates that the N d in the catalysts is in a trivalent oxidation state. S m 
3(^ 5/2 core-level spectra of Smi.8Ceo.2Cui.yCox04 catalysts also demonstrated that S m 
in catalysts is trivalency. The main binding energy was found to be ca. 1082eV. 
From Figure 3.6, one can realize that the spectra of Ce-doped catalysts show a 
characteristic triple-peak structure. T w o sets of the three peaks denoted by (vi, V2, V3) 
and (wi’ U2, W3) can be ascribed to Ce ?>dsi2 and Ce My!, respectively. B y comparing 
the Ce 3d spectra of C e O i (Ce oxidation state, +4) and CeiOs (Ce oxidation state, +3) 
16], w e can see that the spectra of Ce-doped catalysts are similar to that of C e O� . 
This indicates that the Ce ions exist in an oxidation state of +4 in the Ce-doped 
catalysts. 
Sr 3dsn core-level spectra of NdSrCui.xCOx04 catalysts showed the binding 
energy at ca. 133eV. These results matched with the X P S spectrum of SrO, indicating 
that the oxidation state of Sr is +2. 
According to the previous work of Dai et al. [17], the C u Ipm spectra of CU2O 
and C u O showed that there is only one peak at ca. 932.OeV for CU2O corresponds to 
the signal due to C11+. The C u I p m spectrum of C u O was similar to those of 
NdiCuCU and LaiCuCU. There is a main peak at ca. 933eV and shake-up satellite 
features in the binding energy range of 940-945eV. The average energy separation 
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between the main peak and its satellite peak is ca. 9eV. These signals are 
characteristics of Cu�— ions [18]. The shake-up peaks are caused by the charge 
transfer from neighboring oxygen ligands into an empty d-state of Cu�.. For the 
characterization of Cu^^ ions, the C u Ip^/j spectrum of La4LiCu08 was reported to be 
ca. 934.6eV [17]. Figure 3.7 shows the C u I p m spectrum of NdSrCiii_xCox04 
catalysts. For x = 0, 0.2, 0.4 and 0.8, there is a peak at ca. 933eV with shake-up 
satellite features in the binding energy range of 940 to 943eV. This indicates the 
1 o I 
presence of C u ions. Signals due to C u ions at ca. 934eV were also detected. For 
X = 0.6, no satellite peak was observed. This m a y due to the very low concentration 
of Cu2+ contents. W h e n x = 1, there was the complete absence of copper. For 
Smi.8Ceo.2Cui.xCox04 catalysts (Figure 3.8), no obvious shake-up satellite peaks 
were observed, only very small satellite peaks were found when x 二 0 and 0.4. For x 
= 0 , 0.2, 0.4, 0.6 and 0.8, signals due to Cu+ ions (at ca. 932eV) were detected. N o 
C u 2^3/2 peaks were observed for x = 1. 
Figures 3.9 and 3.10 show the 01^ spectra of NdSrCui.xCox04 and 
Smi.8Ceo.2Cui-xCox04 catalysts respectively. W e assign the signal at lower binding 
energy (527.5 to 529eV) to lattice oxygen in the form of O _ and the one at higher 
binding energy (530 to 531.5eV) to adsorbed oxygen species such as 0' or OH". In 
Figure 3.9, one can observe that the doping of C o ions in the perovskite structure 
affects the amounts of these two oxygen species. With the increasing Co-substitution, 
the signals due to lattice oxygen decreased in intensity from x = 0.4 to 1. Only 
signals due to adsorbed species were observed when x = 0 and 0.2. For 
Smi.8Ceo.2Cui.xCOx04 catalysts, Co-substitution showed little effect on the lattice 
oxygen (Figure 3.10). 
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Figure 3.5. N d M 肌 spectra of (a)Nd203,and (b)NdSrCui.xC0xO4 
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Figure 3.7. X-ray photoelectron spectra in Cu 2/73/2 of NdSrCu2_^Co^04 
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Figure 3.8. X-ray photoelectron spectra in C u 2/73/2 of S m j ^ C c q 
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Figure 3.9. X-ray photoelectron spectra in OI5 of NdSrCu 
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Figure 3.10. X-ray photoelectron spectra in OI5 of Smj ^ Ccq 2Cuj_^Co^04 
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For C o ions, by comparing the X P S results with the data in the Handbook of 
X-ray Photoelectron Spectroscopy [19], one can deduce that there were only Co3+ 
ions presence in both NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts. The 
binding energy was found to be ca. 780eV. 
The measured core-level binding energies (BE) of Nd(3(i5/2), Sr(3<i5/2), 
Sm(3^/5/2), Ce(3J), C u i l p m X Co{2py2) and 0 ( 1。 o f the NdSrCui_xCox04 and 
Smi.8Ceo.2Cui.xCox04 catalysts are summarized in Table 3.2. 
3.3.4 T G A and N O - T P D 
The T G A results obtained over NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 
catalysts are summarized in Table 3.3. 
Composition Weight loss (wt%), R T - 900°C 
X NdSrCui.xCoxQ4 Smi.sCetuCui-xCoxOq 
1 2.40 1.77 
0.8 2.90 1.91 
0.6 4.46 1.41 
0.4 2.51 3.09 
0.2 1.95 1.76 
0 2.75 1.69 
Table 3.3. T G A results of NdSrCui.xCox04 and SmoCeojCui-xCoxOd catalysts 
Weight losses observed in T G A studies were due to the desorption of oxygen. 
Below 600°C, weight losses were due to desorption of adsorbed oxygen species. 
Between 600 - 900。C, weight losses might be ascribed to desorption of lattice 
oxygen [20'. 
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Table 3.4 shows the calculated amount of desorption during N O - T P D studies 
over NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts, respectively. The 
desorption species in the effluent gases were N O , NO2, N 2 O and N2 and O2. Figures 
3.11 and 3.12 show the mass spectra recorded during N O - T P D experiments. From 
the mass spectra, one can realize that O2 desorbed only from NdSrCui.xCoxCU 
catalysts. Over Sr-doped catalysts, O2 desorbed at ca.740°C, 800°C, 770。C, 795 and 
805。C, 640 and 710。C, 760 and 800。C for x = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively; 
N2 desorbed at ca. 690 and 830°C, 720 and 840°C, 765 and 840°C, 740 and 870°C, 
70。C, 680 and 860。C for x = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively; N O 2 desorbed at 
ca. 730。C, 810。C, 780。C, 805°C, 630 and 690。C, 805^0 for x = 0, 0.2, 0.4, 0.6, 0.8 
and 1, respectively; N 2 O desorbed at ca. 240 and 740。C, 810°C, 200 and 800°C, 655 
and 805。C, 390 and 710。C, 800°C for x = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively; N O 
desorbed at ca. 530 and 740°C, 570 and 800°C, 535 and 790°C, 540 and 805°C, 620 
and 680。C, 520 and 800。C for x = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively. Over 
Ce-doped catalysts, generally speaking, there were no O2 and N2 desorption observed. 
NO2 desorbed at ca. 274。C, 289°C, 330 and 415°C,266°C, 290 and 387°C, 3331： for 
X = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively; N 2 O desorbed at ca. 96, 309, 690 and 
872°C, 298 and 782°C, 93, 336 and 734°C, 284 and 755°C, 321 and 792°C, 320 and 
868。C for X = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively; N O desorbed at ca. 296 and 
514°C, 280 and 502°C, 309 and 475°C, 266 and 463°C, 286 and 484°C, 230 and 
419。C for X = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively. 
Based on the above results, it can be concluded that there is no N2 
desoprtion from both NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts. For O2, 
only NdSrCui-xCox04 catalysts showed the desorption. NO2, N 2 O and N O desorbed 
at lower temperature from Smi,8Ceo.2Cui.xCox04 catalysts than from 
NdSrCui-xCox04 catalysts. Also, the amount of NO2, N 2 O and N O desorption over 
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S m i 8Ceo.2Cui.xCox04 catalysts were m u c h less than that over NdSrCui.xCox04 
catalysts. These results implied that the substitution of C u ions by C o ions in the two 
series of catalysts caused different modification on the surface of the catalysts. 
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(a) A m o u n t of desorption over NdSrCui.xC0xO4 in N O - T P D studies 
X A m o u n t of desorption (^mol / g) 
？TO N O ^ ^ ^ O^ 
1 790.440 68.524 7.463 - 24.269 
0.8 188.979 3.084 6.951 - 5.580 
0.6 702.678 48.310 6.236 - 18.008 
0.4 444.915 31.020 6.087 - 16.431 
0.2 505.163 39.344 7.820 - 19.375 
0 455.717 31.147 7.814 - 16.139 
(b) A m o u n t of desorption over Smi.sCeo.zCui-xCoxOd in N O - T P D studies 
X A m o u n t of desorption (^mol / g) 
^ ^ ^ O^ 
1 3.656 1.193 2.486 - -
0.8 5.516 0.788 2.578 - -
0.6 5.374 1.105 3.096 - -
0.4 7.309 1.022 4.669 - -
0.2 6.570 0.815 3.815 - -
0 5.830 0.042 2.851 - -
Table 3.4. N O - T P D results of (a) NdSrCui.xC0xO4, and 
(b)Smi 8Ceo.2Cui.xCOx04 catalysts 
6 0 
x = 0 x = 0.2 x = 0.4 
J 800 八 770 八 
/ 810 I•丨 
y J L i t i i r ^ L 
也 — i f z m ^ 
^ ( c ) — f 
^ ^ ^ 4 
530J 570 J / 
^ 广 乂 L (e) ^ J ^ L 
I ！ I s I 1 1 L — J 1 — 一 一 “ 
700 400 600 800 9^0 200 400 600、 800 950 J 1 1 i  
200 tempe.atur?rC) tempe•.血e (C) 200 (j^Vr愈el?：)細 
x = 0.6 x = 0.8 X 二 1.0 
/I A 
I I 805i 
‘ ‘ ” 8 7 0 J " W 
l\ ,、 / 690 ^ __ 
过 y j c 
f j / 
——Y L . ⑷ — — 乂 V _ L 
t e m p e r a h i r e ( C ) t e m p e r a t u r e ( C ) 
Figure 3.11. Mass spectra recorded during N O - T P D studies over 
NdSrCui_xC0xO4 series; (a) O2，(b) N2, (c) NO2, (d) N2O, and (e) N O . 
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Figure 3.12. Mass spectra recorded during NO-TPD studies over 
Smi.8Ceo.2Cui.,Co,04 series; (a) O2, (b) N2, (c) NO2, (d) N2O, and (e) NO. 
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3.4. Discussion 
3.4.1. Catalytic performance 
Based on the works in the past decades, it is k n o w n that perovskite-type oxide 
catalysts showed excellent catalytic performance for N O x decomposition. The 
perovskite-like A 2 B O 4 mixed oxides are thermally more stable than ABO3 and have 
been described as novel catalysts for N O x reduction. The rise in oxygen vacancy 
concentration (5) facilities the decomposition of N O x and that the enhancement in 
B-site ion redox ability benefits the N O x reduction. Proper adjustment of the amount 
of oxygen vacancies and the relative concentration of B-site ions would generate a 
perovskite-related material regulated for optimal catalytic performance. 
Based on the activity data in Figure 3.3 and the 5 values (specific bulk density 
of oxygen vacancies), as well as the Cu〕. or Cu+ contents in Table 3.1, it was 
proposed that Cu:. is a major active site for N O x decomposition [21]. The reduction 
and oxidation of C u m a y result in the oscillation effect in N O x decomposition. The 
oxygen vacancies and oxygen species can play a role in N O x activation. Kasai et al 
reported that the oxidation of reduced copper needs oxygen [22]. From the results, 
one can realize that the Sr-doped catalysts performed superior to the Ce-doped ones. 
This can be due to two reasons: (1) the redox ability of Cu^VCu^"^ in the former is 
stronger than that of C u /Cu in the latter, and (2) the amount of oxygen vacancies 
in the former is more than that in the latter. Within each series, one can also realize 
that the larger the 5 value, the higher is the catalytic activity. The oxygen 
nonstoichiometry and relative contents of C u ions were controlled by the substitution 
of C u ions with C o ions at B-sites. The more C o ions doped for C u ions, the less is 
the amount of oxygen vacancies. The order of decreasing catalytic performance is 
NdSrCuiCoo03.64o > NdSrCuo.2Coo.8O3.863 > NdSrCuo.4Coo.6O3.930 > 
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According to the above hypothesis, the predicted order of decreasing catalytic 
performance a m o n g all the catalysts is: NdSrCu 1C00O3,640 - NdSrCu0.8Co0.2O3.704 > 
NdSrCuo.6Coo.4O3.785 > NdSrCuo.2Coo.8O3.863 > NdSrCuo.4Coo.6O3.93 > 
NdSrCuoCoi04 » Sm1.8Ceo.2Cuo.6Coo.4O4.i83 ~ Sm1.8Ceo.2Cuo.8Coo.2O4.105 ~ 
Sm1.8Ce0.2Cu1Co0O4.077 > SmuCeo.2Cuo.4Coo.6O4.321 - Sm1.8Ceo.2Cuo.2Coo.8O4.477 ~ 
Smi,8Ceo.2CuoCoi04,6oO' 
It is believed that 0' is the active species responsible for the N O x 
decomposition, depending on the amount of 0' species adsorbed on the catalysts. 
G u o et al. showed that the proposed mechanism for N 2 O decomposition involved 0' 
2 , , 
species for the formation of an essential intermediate N2O2 _ in the rate determining 
step [23]. 
Comparing the X P S data of Smi.8Ceo.2Cui.xCox04 and NdSrCui.xCox04 
catalysts, the latter exhibited a larger amount of adsorbed oxygen relatively to the 
amount of lattice oxygen. Within the series, NdSrCuiCooCU and NdSrCuo.8Coo.2O4 
catalysts showed the highest adsorbed oxygen peaks. A s a result, their catalytic 
activities were the best a m o n g all the catalysts. 
The affinity for N O x adsorption on the catalysts is also important in defining 
the ability of N O x conversion. The amount of desorption reflected the amount of gas 
adsorbed on the active sites of the catalysts, which related to the ability of catalytic 
reaction on the active sites. 
From the desorption temperature in the N O - T P D experiments，one can realize 
that NO2, N 2 O and N O desorption were easier to occur over Smi.8Ceo.2Cui-xCox04 
catalysts compared to NdSrCui.xCox04 catalysts. Furthermore, the amount of NO2, 
N 2 O and N O desorption over Smi.8Ceo.2Cui.xCox04 catalysts were m u c h less than 
that over NdSrCui.xCox04 catalysts. These results showed that the N O x species 
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adsorbed more and longer on the active sites of the NdSrCui.xCox04 catalysts, 
indicating that the catalytic reactions were more intense over NdSrCui.xCox04 than 
over Smi.8Ceo.2Cui.xCox04 catalysts. A m o n g all the desorption species (NO, NO2, 
N2O, N2 and O2), N O - T P D results showed that the active sites were favorable to the 
adsorption of N O on both NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts. N o 
N2 desorption was found from both series of catalysts because there was no catalytic 
conversion occurred in the N O - T P D experiment. Only N O x chemisorption occurred 
on the surface of the catalysts [24:. 
3.4.2. Structural defects 
X R D patterns of fresh sample shows that NdSrCui_xCox〇4 and 
Smi.8Ceo.2Cui.xCox04 catalysts are of single phase and are tetragonal structure with 
(r structure) or without (T’ structure) apical oxygens, respectively. A n important 
structural difference between T and T' structure (Figure 1.2) is the coordination of 
the C u atoms. In the T structure, the C u atom is located in the center of a Cu06 
octahedron and the N d (Sr) atoms have ninefold coordinations, whereas in T' 
structure, the C u is in a square CUO4 and the S m (Ce) atoms have nearly cubic 
eightfold coordinations. Results showed that doping with C u by C o ions caused no 
structural destruction on NdSrCui.xCox04 catalysts. It is envisioned that Co-doping 
regulated the oxidation state of C u (and C o itself) and oxygen vacancy density; but 
caused no structural changing in the crystal lattice. A n exceptional case is 
Smi.8Ceo.2CiioCoi04. Full substitution of C u by C o ions leads to the tetragonal 
distortion in Smi.8Ceo.2CuoCoi04 catalysts (Figure 3.2). Gradual substitution of C u 
ions by C o ions has a number of important structural consequences. Because of the 
mismatch in bond length between lanthanide bilayers and the copper-oxygen layers, 
a transition from tetragonal to cubic phase occurs. The results by Lappas and 
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Prassiders [25] also showed that the Jahn-Teller distortion of the octahedra was 
strongly reduced as a result of the substitution of C u ions by C o ions. 
Previous work of G u o et al. suggested that N d z C u O j is tetragonal (T，) [23]. 
There is a sequence of | C u O : | Nd-02-Nd | C u O i | , i.e. fluorite layer and C u O ! 
sheet, in this structure [26-27]. It was claimed that in order to retain electron 
o I --> I 
neutrality, the substitution of N d with B a would result in the formation of oxygen 
vacancies or the oxidation of Cu^"^; whereas the substitution of Nd^^ with Ce4+ would 
2 1 . 
lead to the presence of extra oxygen or the reduction of C u • The oxygen vacancies 
or the extra oxygen can exist in the C u O i sheet in the form of 
Cu02-x I Nd-Oi-Nd I Cu02-x | or | CuOi+x | Nd-Oi-Nd | CuOi+x |, respectively. The 
oxygen vacancies or the interstitial oxygen can either present in the fluorite layer as 
C11O21 Nd-02-x-Nd I Cu021 or | CuO! | Nd-C^+x-Nd | C11O2 | , respectively. The 
C u O i sheet is responsible for the redox action. Similar explanation can be used on 
NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts. For the balance of charges, the 
substitution of N d with Sr would result in the formation of oxygen vacancies or 
the oxidation of Cu�—； whereas the substitution of Sm^"^ with Ce4+ would lead to the 
• 2 + 
presence of extra oxygen or the reduction of C u . 
There are two kinds of oxygen atoms. O ly spectra demonstrated that there 
are 0 7 0 H " and O _ in NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts. From 
Table 3.1, one can observe that the doping of C o ions caused the 5 value in both 
series to decrease. In other words, the addition of C o ions caused the regulation in the 
contents of C u ions. Rao pointed out that O" species accommodated in the oxygen 
vacancies of the Sr-doped catalysts caused the rising of the Cu^^ [28]. For 
Smi.8Ceo.2Cui.xCox04 catalysts, instead of oxygen vacancy, extra oxygen was found. 
It has been reported that there are O" species in LaiCuC^+s [29]. There would be 0' in 
the oxygen-excess structure. This compound can be described as: 
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Grenier et al. [30] and Magnone et al. [31] have studied 
the redox of 0^70" and g V + Z C u �— in LaiCuO*: 
Cu3+ + 02- o Cu2+ + 0-
The above results suggested that the redox of 0^70' could occurr in both oxygen 
vacancy and extra oxygen. Other evidence includes that of G u o et al showed that in 
spite of the absence of oxygen vacancies in Ndi.8Ceo.2Cu04, the existence of extra 
2 2 
oxygen makes the generation of N2O2 ‘ possible. The formation of N2O2 “ is an 
essential step for N O x decomposition below 400°C [23". 
3.4.3. Oxidation states 
Nd, Sr and S m usually exist in +3, +2 and +3 states, respectively. However, the 
oxidation state of Ce in C e O : is controversial. Although there are claims that Ce is in 
a mixed-valence state in CeO�[32-33], Wuilloud et al. [34] suggested that a "mixed 
valence" can be excluded in CeOi because of the observation of an empty localized 
Ce 4/ state within the band gap in the bremsstrahlung isochromat spectroscopy data 
and no density of states was observed at the Fermi level. Based on the results of 
lattice parameters, Huang et al. [35] and Goodenough [26] pointed out that the 
valence of Ce in Nd2-xCexCu04-5 is not trivalent but tetravalent. O n the other hand, 
based on the X P S results, Hor et al. [36] believed that all of the Ce in 
Nd2-xCexCu04-5 is present as Ce4+. In the present studies, the Ce 3d spectra of 
Smi.8Ceo.2Cui-xCox04 catalysts also indicated that the Ce were in tetravalency. 
Subramanian and Swart [10], Rajadurai et al [37], W u et al. [38] and 
Aleksandrov et al. [39] demonstrated that there were Cu^"^ ions in La2-xSrxCu04-6； 
Takahashi et al. [40], Rogers and Blair [43] and Ishii et al. [18] revealed that Cu is 
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divalent. A s for Nd2-xCexCu04.5, based on the X P S studies, Uji et al [42], Liang et al. 
[43], Grassmann et al. [44] and Suzuki et al. [45] reported that the C u 2pm spectra 
show the evidence of Cu+ existence due to Ce substitution. The results of chemical 
analysis (Table 3.1) and X P S studies (Figures 3.8 and 3.9) showed that besides Cu^"^, 
there are Cu3+ ions in NdSrCui-xCox04 catalysts; and besides Cu+ ions, due to the 
redox reaction, there should be Cu^ ^ ions in SmuCeo.iCui.xCoxOi catalysts. The 
failure in detecting the XPS signal of Cu^ ^ in NdSrCui.xCox04 and 
Smi.8Ceo.2Cui.xCox04 catalysts might be due to a too low concentration of Cu^^ in 
the samples. Since the binding energy of the 2p electrons of Cu^^ ions should be 
larger than that of Cu^^ or Cu+ ions, a peak at higher binding energy is expected for 
Cu3+. Stoichiometric LaiCoCU is isostmctural with La2Ni04 and La2Cu04, adapting 
the K2NiF4-type structure [25]. However, Co^^ oxidation to Co^^ is extremely easy, 
and studies in m a n y laboratories have established that incorporation of excess 
oxygen readily occurs in the LaiCoC^+s system [46-49], especially when the 
reactions take place in air. In the present studies, X P S results showed that C o in 
NdSrCui.xCox04 and Smi.8Ceo.2Cui.xCox04 catalysts was trivalent. 
From the O spectra (Figures 3.10 and 3.11), one can deduce that there were 
• 2 
oxygen species of different valence states on the surface: (a) lattice oxygen (〇')at 
572.5 to 529eV; (b) adsorbed and oxygen-contaminants (0' or OH") at 530 to 
531.5eV. The O peak at higher binding energy was border than that of the lower 
binding energy, suggesting that the former contains at least two components. 
3.4.4. Copper ion redox ability 
The weight losses observed in T G A studies were due to the desorption of 
oxygen species. 
Weight losses below 600。C were due to desorption of oxygen species adsorbed 
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at oxygen vacancies. 
For Sr-doped catalyst 
Cu3+ + O'vacancy — Cu'"" + O2 
For Ce-doped catalyst 
Cu2+ + O'vacancy " > Cu+ + O2 
The lattice oxygen species are inactive at low temperature. Weight losses 
between 600 and 900。C might be attributed to desorption of lattice oxygen. 
For Sr-doped catalyst 
2Cu3+ + O^ 'iattice — + O2 
For Ce-doped catalyst 
2Cu2+ + O^'iattice 2Cu+ + 1/2 O2 
However, desorption of lattice oxygen was unlikely to happen because of the strong 
bonding with the metals. The percentage of weight losses in this stage should be very 
small. 
From the equations, it implies that there is also conversion of Cu^^ to Cu^^ for 
the Sr-doped catalysts and conversion of Cu^^ to Cii+ for the Ce-doped catalysts. 
Generally speaking, the former conversion is easier than the latter one because Cu^^ 
is more stable than Cu^^ or Cii+. The reduction of Cu^^ is easier than that of Cu^^ 
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since it has d electronic configuration, which is less stable than the d electronic 
configuration in the C u system. The latter process is difficult to take place in the 
Sr-doped catalysts. However, Ce4+ substitution for Sm^^ is beneficial for the 
stabilization of Cu+. A s a result, NdSrCui.xCox04 catalysts had a larger percentage of 
weight loss than the Smi.8Ceo.2Ciii-xCox〇4 catalysts under T G A experiment. 
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References 
1] H. Yasuda, N . Mizuno, M . Misono, Chem. Chem. Conmmun., 1990, 1094. 
2] C. Morterra, E. Giamello, G. Cerrato, G. Centi, S. Perathoner, J. Catals., 1998, 
179, 111. 
[3] J. Leglise, O. Petunchi, W . K. Hall, J. Catal., 1984, 86, 392. 
[4] G. Centi, S. Perathoner, Appl Catal A, 1995, 752, 179. 
5] N. Mizuno, Y. Fujisawa, M . Misono, J. Chem. Soc., Chem. Commun., 1989, 316. 
[6] H. Shimada, S. Miyama, H. Kuroda, Chem. Lett., 1988, 1797. 
7] S. D. Peter, E. Garbowski, N. Guilhaume, V. Perrichon, M . Primet, Catal. Lett., 
1998, 54, 79. 
[8] A. Dandekar, M . A. Vannice, Appl. Catal B, 1999, 22, 179. 
[9] M . Shelf, Chem. Rev, 1995, 95, 209. 
[10] S. Subramanian, C. S. Swamy, Catal. Lett,, 1995, 55, 361. 
[11] J. Christopher, C. S. Swamy, J. Mol Catal., 1990, 62, 69. 
12] H. Yasuda, T. Nitadori, N. Mizuno, M . Misono, Bull Chem. Soc. Jpn., 1993, 66’ 
3492. 
[13] J. W . London, A. T. Bell, J. Catal., 1973, 31, 96. 
[14] N. Mizuno, M . Yamato, M . Tanaka, Chem. Mater. 1, 1989, 232. 
15] J. C. Fuggle, M . Campagna, Z. Zolnierek, R. Lasser, A. Piatau, Phys. Rev. Lett., 
1980, 45, 1597. 
16] C. N. R. Rao, D. D. Sarma, Science and Technology of Rare Earths, Academic 
Press, 1980. 
[17] H. X. Dai, C. F. Ng, C. T. Au, J. Catal, 2001, 197, 251. 
18] H. Ishii, T. Koshizawa, H. Kataura, T. Hanyu, H. Takai, K. Mizoguchi, K. Kume, 
L Shiozaki, S. Yamaguchi, Jpn. J. Appl. Phys., Part 2, 1989, 28, L1952. 
19] J. F. Moulder, J. Chastain, Handbook of x-ray photoelectron spectroscopy: a 
reference book of standard spectra for identification and interpretation of XPS 
data, Eden Praire, Minn.: Perkin-Elmer Corporation, Physical Electronics Div., 
1992, 82. 
20] L. G. Tejuca, J. L. G. Fierro, Properties and Applications of Perovskite-type 
Oxides, Marcel Dekker, Inc., 1993, 215. 
21] S. H. Bossmann, M . F. Ottaviani, T. Turek, B. Bunsenges, J. Phys. Chem., 1991, 
101,91%. 
[22] P. H. Kasai, R. J. Bishop, J. Phys. Chem., 1911, 81, 1527. 
[23] L. Z. Gao, C. T. Au, J. Mol. Catal. A: Chemical, 2001, 168, 173. 
[24] L. G. Tejuca, J. L. G. Fierro, Properties and Applications of Perovskite-type 
Oxides, Marcel Dekker, Inc., 1993, 343. 
7 0 
25] A. Lappas, K. Prassides, J. Solid State Chem., 1994, 108, 59. 
26] J. B. Goodenough, Supercond. Sci. Technol, 1990，3’ 26. 
[27] J. B. Goodenough, A. Manthiram, J. Solid State Chem., 1990, 88, 115. 
28] C. N . R. Rao, Chemistry of Oxide Superconductivity, Blackwell, Oxford, 1988. 
[29] N . Casan-Pastor, P. Gomez-Romero, A. Fuetes, J. M . Navarro, M . J. Sanchis, S. 
Ondono, Phys. C, 1993, 216, 478. 
[30] J. C. Grenier, A. Wattiaux, J. P. Doumerc, P. Dordor, L. Fournes, J. P. 
Chaminade, M . Pouchard, J. Solid State Chem., 1992, 96, 20. 
31] E. Magnone, G Cerisola, M . Ferretti, A. Barbucci, J. Solid State Chem., 1999, 
144, 8. 
[32] D. D. Koelling, A. M . Boring, J. H. W o o d , Solid State Commun., 1983, 47, 227. 
33] A. Kotani, H. Mizuta, T. Jo, J. C. Parlebas, Solid State Commun., 1985，53, 805. 
[34] E. Wuilloud, B. Delley, W . D. Schneider, Y. Bear, Phys. Rev. Lett., 1984, 53, 
202. 
[35] T. C. Huang, E. Moran, A. 1. Nazzal, J. B. Torrance, Physica C, 1989，158, 148. 
[36] P. H. Hor, Y. Y. Xue, Y. Y. Sun, Y. C. Tao, Z. J. Huang, W . Rabalais, C. W . Chu, 
Physica C, 1989，159, 629. 
[37] S. Rajadurai, J. J. Carberry, B. Li, C. B. Alcock, J. Catal, 1991, 131’ 582. 
[38] Y. W u , L. Z. Gao, Z. L. Yu, Huaxue Xuebao, 1991, 55, 56. 
'39] A. S. Aleksandrov, Y. Y. Lebedinskii, E. A. Protasov, E. V. Chubunova, Pis 'ma 
Zh Eksp. Teor. Fiz., 1987, 46, 180. 
40] T. Takahashi, F. Maeda, T. Miyahara, S. Hosoya, M . Sato, Jpn. J. Appl. Phys., 
Part 1, 1987, 2…1013. 
[41] J. W , Jr. Rogers, D. S. Blair, AIP Conf. Proc., 1988, 165, 323. 
[42] S. Uji, M . Shimoda, H. Aoki, Jpn. J. Appl. Phys., 1989, 28, L804. 
43] G. Liang, J. Chen, M . Croft, K. V. Ramanujachary, M . Greenblatt, M . Hedge, 
Phys. Rev. B, 1989，40’ 2646. 
[44] A. Grassmann, J. Schlotterer, J. Strobel, M . Klanda, R. L. Johnson, G 
Saemann-Ischenko, Proc. Intern. Conf. Mater. Mechanism Supercond. 
High-Temp. Supercond. II, North-Holland, Amsterdam, 1989. 
[45] T. Suzuki, M . Nagoshi, Y. Fukuda, K. Oh-ishi, Y. Syono, M . Tachiki, Phys. Rev. 
B, 1990, 42, 4263. 
[46] P. Lahuede, M . Daire, C. R. Acad Sci. (Paris) Ser, C, 1973, 276, 1783. 
[47] J. J. Janecek, G. P. Wirtz, J. Am. Ceram. Soc., 1978, 61, 242. 
[48] U. Lehmann, H. K. Miiller-Buschbaum, Z. Anorg. Allg. Chem., 1980, 470, 59. 
[49] R. A. M o h a n R a m , P. Ganguly, C. N. R. Rao, Mater. Res. Bull, 1988, 23, 501. 
71 
Chapter 4. 
Conclusion and Future Directions 
4.1 Conclusion 
NdSrCui.xCox04 and SmuCeo.zCui-xCoxCU catalysts involve both A - and B-site 
substitutions. Either substitution of A-site or B-site by different cations gives rise to 
(i) the structural defects in the host lattice; and (ii) the change in the oxidation state 
of B-cations. The present investigation of various concentrations on substituted 
B-site of two catalysts showed that NdSrCui-xCoxCU catalysts perform better on the 
catalytic conversion of NOx. 
X R D results showed that NdSrCui-xCoxCU catalysts adopt a T structure, whereas 
Smi.8Ceo.2Cui-xCox04 catalysts exist in a T' structure. However, full Co-substitution 
(X = 1) on Smi.8Ceo.2Cui.xCox04 catalysts is unfavorable because of the structure 
distortion. N O - T P D experiments demonstrated that N O x has stronger and longer 
affinity for the active sites of NdSrCui.xCox04 than for Smi.8Ceo.2Cui.xCox04 
catalysts. X P S and T G A characterization results showed that NdSrCui.xCox04 
catalysts have more adsorbed oxygen than lattice oxygen; and there is conversion of 
Cu3+ to Cu2+ in Sr-doped catalysts and conversion of C u ^ to Cu+ in Ce-doped 
catalysts. It further implied that the former conversion is easier because Cu^^ is more 
stable than Cu^"^ or Cii+. The results confirmed that the redox ability of copper ions 
and the amount of oxygen species adsorbed should be responsible for the catalytic 
activity of the N O x decomposition. 
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4.2. Future directions 
4.2.1. Characterization of catalysts 
Apart from the variation of defect nature, Co-doping could also affect other 
properties of the parent perovskite. There would be changes in physical properties 
such as electronic conductivity, magnetic nature, etc. Other advanced instrumental 
techniques are required to gain further insight into the relationship between catalytic 
activities and physical properties of the catalysts. The compositions of the perovskite 
catalysts were established according to the results of B-site cation oxidation state 
analysis and the contents of metal ions were not determined experimentally. Our 
claim of a single-phase catalyst is disputable as trace amounts of impurities are not 
detectable in X R D measurements. It is possible that due to the loss of metal ions 
during catalysts preparation, there were trace amounts of impurity phases in the 
catalysts. The employment of techniques such as S E M - E D X (Energy Dispersive 
X-ray analyzer attached to a Scanning Electron Microscopy) and ICP (Inductively 
Coupled Plasma) could result in a more accurate measurement of the chemical 
composition of the catalysts. With the aid of the neutron diffraction technique, one 
can monitor the main crystal phases as well as the impurity phases (in trace amount) 
and then calculate accurately the lattice parameters of a catalyst using the Rietveld 
refinement method. 
4.2.2. Reaction mechanism 
The reaction mechanisms for the decomposition of N 2 O over NdiCiiO/^, 
Ndi.6Bao.4Cu04 and Ndi.8Ceo.2Cu04 catalysts have been proposed in the previous 
literatures. The reaction mechanism over the B-site substituted perovskite catalysts 
would be similar but the reaction kinetics has not been investigated yet. In the future, 
73 
E S R (Electron Spin Resonance), in situ FTIR (Fourier Transform Infrared) and 
FT-Raman can be used to establish a reaction mechanism for N O x decomposition 
based on the information concerning to active sites, redox action and reaction 
intermediates. 
4.2.2. Variation of element in B-site 
The possession of A and B-sites is the special feature of the perovskite-type 
catalysts. The type and concentration of defect in the perovskite can be manipulated 
over a wide range by doping different foreign ions. Through trial and error, the most 
suitable elements and their respective concentration ratio can be established as the 
best catalysts for the N O x decomposition. M a n y literatures investigated the changing 
in A-site. In the future, one can try doping different metal ions with different 
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